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Abstract: Broadband thermal radiation sources are critical for various applications including 
spectroscopy and electricity generation. However, due to the difficulty in simultaneously 
achieving high absorptivity and low thermal mass these sources are inefficient. We show a 
platform that enables one to obtain enhanced emission by coupling a thermal emitter to an 
optical cavity. We experimentally demonstrate broadband enhancement of thermal emission 
between λ ~2  ̶ 4.2 μm using an inherently poor thermal emitter consisting of tens of 
nanometers thick SiC film with 10% emissivity (εSiC ~0.1). We measure over twofold 
enhancement of total emission power over the entire spectral band and threefold enhancement 
of thermal emission over 3 to 3.4 μm. Our platform has the potential to enable development 
of ideal blackbody sources operating at substantially lower heating powers. 
© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
1. Introduction 
Broadband thermal radiation sources, widely used in applications of spectroscopy [1], 
sensing, lighting [2], thermal control [3] and energy generation [4], suffer from a tradeoff 
between either being dim (e.g. non-dispersive infrared sources) [1,5] or power hungry (e.g. 
incandescent lamps) [2,4]. These sources are bulk absorbers of a given material, having large 
volumes (high thermal mass) and therefore, due to their high emissivity (ε) are bright. But this 
comes at the cost of their large heat capacitance, consuming high input power to achieve high 
temperatures [6,7]. Thin-films have lower emissivity and therefore they are not bright 
although they consume only a small input power. Previous works have shown enhancement in 
thermal radiation capability of bulk emitters using photonic crystal cavities, plasmonic 
antennas and metamaterial based microstructures, but this enhancement has been limited to 
narrow spectral bands [2,3,8–25]. 
Here, we show a platform that breaks the traditional tradeoff of thermal emitters and show 
high emissivity for a thin-film over a broad wavelength range. The platform consists of a 
macroscopic optical cavity formed by a mirror and a thin-film emitter, as shown in Figs. 1(a) 
& 1(b). The thin-film serves the dual purpose of a thermal emitter as well as a partial reflector 
that forms the cavity. Our optical cavity enhances the interaction of thermal light with the 
weak emitter leading to an increase in effective absorptivity. We design the cavity to achieve 
maximum absorptivity by optimizing the coupling between the emitter and the cavity. The 
increased effective absorptivity (A) translates to effective emissivity (ε) according to 
Kirchhoff’s law (ε = A = 1 – R – T, where, R: Reflectivity, T: Transmittivity) [26,27]. 
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 Fig. 1. Effect of silicon carbide film-thickness on thermal output of cavity-coupled emitter. 
Scheme of (a) a bare emitter, (b) a cavity-coupled emitter and, (c) their simulated normalized 
total emission as a function of emitter thickness. The blue line represents emission of the bare 
emitter while the red line is for the cavity-coupled emitter. For a cavity-coupled emitter the 
back mirror allows recycling of thermal light which goes back and forth several times before 
exiting the cavity. According to Kirchhoff’s law this redirected radiation is absorbed and re-
emitted to maintain thermodynamic equilibrium. The peak emission occurs for a thickness of 
~2 μm where optimal impedance matching occurs. For higher thickness (i.e. higher 
absorptivity) the enhancement reduces and eventually reaches unity. The total power is 
normalized with respect to that from a blackbody at equivalent temperature. The simulation 
data is for a cavity length L ~100 mm and back mirror reflectivity R ~0.99. 
2. Theoretical analysis 
The proposed platform is predicted to have a strong effect on the thermal emission inducing a 
large enhancement of the emission for thin-films. We consider a broadband metallic mirror (R 
~0.99) to form the cavity with a weakly absorbing microcrystalline silicon carbide (μC-SiC) 
thin-film [28]. We choose thin-film μC-SiC as the emitter due to its weak absorption in the 
mid-infrared region of the optical spectrum, its ability to handle high temperatures and its 
compatibility with silicon process technology. We directly characterize our μC-SiC thin-films 
using ellipsometry as detailed in Appendix I. The cavity coupled thermal emitter is modeled 
as a single radiator with an effective emissivity ( )effε λ corresponding to a spectral power 
distribution ( , )S Tλ  of thermal light. The ( , )S Tλ for an emitter at temperature (T) is given 
by [26,29]: 
 ( ) 42, ( ) ( , )eff cS T Tλ ε λ λ λ= ⋅Θ ⋅  (1) 
Here, ( , )TλΘ is the mean energy of the Planck’s oscillator, and λ and c are the wavelength 
and speed of light, respectively. In order to take into account the effect of angle dependency 
in effective emissivity calculation, we assume a Gaussian distribution of k-vectors ( kρ ) of the 
thermal light inside a macroscopic cavity (l = 100 mm). By using a 1D scattering matrix 
approach, we predict the effective emission of the cavity-coupled-emitter by integrating the 
contributions from different kρ in the calculation of effε  [9,30–33]. The range of kρ  
considered for computing of effective emission is defined by the solid angle of emission (
14.6θ = ° ) from the thin-film that is coupled into the cavity of length 100 mm. The maximum 
enhancement is predicted when the intrinsic losses of the system are optimally matched 
(impedance matched) to the transmission of the cavity. In this case, the intrinsic losses of the 
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system include losses at the metallic mirror and absorption losses within the cavity (including 
emitter absorption). The absorption losses within the cavity can be modified through 
appropriate choice of μC-SiC film thickness. Figure 1 shows the effect of μC-SiC emitter 
thickness on total emission of the coupled system. One can see that the emissivity of a bare 
thin-film emitter increases with thickness and eventually saturates to the bulk emissivity value 
of the material. In contrast, the emissivity of an emitter coupled to a cavity increases faster 
with thickness (t) and reaches a maximum value ( ~ 1effε for t ~ 2 μm). The emissivity then 
decreases and saturates to the bulk emissivity value, as the film thickness increases to several 
microns [34]. 
 
Fig. 2. Microcrystalline SiC thin-film thermal emitter. (a) Microscope image of the fabricated 
μC-SiC membrane with a concentric platinum (Pt) heater near its periphery (circular heater: 
radius = 370 μm, width = 20 μm). The membrane is heated by applying electrical power to the 
Pt heater which allows heating of the suspended structure while minimizing conductive losses 
into the substrate. (b) A three-dimensional schematic of a hot suspended SiC membrane with a 
color map of temperature distribution predicted using FEM based heat transfer. The suspended 
region of the membrane remains hot while there is a nearly step-like transition of the 
temperature profile from hot central region to the blue (cold) temperatures in the non-
suspended region. 
3. Device fabrication 
In order to achieve thermal emitters with minimal conductive heat losses, we fabricate a 
suspended thin-film μC-SiC membrane and integrate Platinum (Pt) heaters along its 
circumference. The silicon carbide films are first deposited on a <100> silicon wafer through 
plasma enhanced chemical vapor deposition (Oxford 100) under the following process 
parameters: Silane (SiH4) = 4.5 sccm, Methane (CH4) = 90 sccm, Argon (Ar) = 285 sccm, 
chamber pressure = 1500 mT, high frequency power 40 W, table temperature = 350 °C 
deposition time = 12 min. The deposited amorphous films are then annealed at 600 °C for 90 
min to achieve microcrystalline-SiC (μC-SiC). The μC-SiC thin-films (t ~100 nm) are then 
circularly patterned (radius ~400 μm) along with concentric Pt heaters placed at its periphery. 
The Pt heater films are deposited via argon based sputtering. The back substrate of the 
patterned circular membranes is then etched (~500 μm) through the Bosch process. This is 
followed by xenon difluoride (XeF2) based isotropic etching to remove the remaining 
substrate (~25 μm) and release the membrane. We use XeF2 based dry etching technique 
because of its high selectivity between silicon and its compounds [28,35]. Post etch we ensure 
that the film is suspended through inspection under a microscope. Figure 2(a) shows a 
micrograph image of the fabricated membrane emitter where one can see the suspended 
region and the circular Pt heater placed at its periphery. The thickness and diameter of the 
membrane are approximately 100 nm and 0.8 mm, respectively. We use a thin silicon dioxide 
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layer (t ~40 nm) as an electrical insulator between the μC-SiC and Pt heaters to avoid 
unwanted electrical leakage. The suspended membrane chips with integrated Pt heaters are 
mounted on a carrier circuit board for electrical connections and handling purpose during 
measurement. 
The suspended membranes show low thermal mass, effective thermal insulation and a 
thermal conductance of ~286 μW⋅K−1, much lower as compared to a bulk material. Figure 
2(b) shows the temperature distribution in the hot suspended structure estimated using a finite 
element model (FEM). One can see that in the region where the membrane is suspended the 
temperature is uniform and high, while in the region where the membrane is attached to the 
substrate the temperature decreases rapidly to equal that of the substrate (~293 K) [28]. 
 
Fig. 3. Measurement setup. (a) Schematic of the experimental setup. The emitter (E) and 
mirror (M1) form the cavity. The cold cavity is initially aligned using a 1550 nm wavelength 
laser. The beam splitter (BS) is used to split the input alignment laser and send it to the cavity 
for alignment. Lens L1 acts as the mode matching lens for the alignment laser. The mirrors M2 
and M3 are used to align the beam to the monochromator (G). Lens L2 is used to focus the 
light to the input while L3 is used to collect the spectrally filtered light from the 
monochromator. The emitter is heated up by supplying electrical power using a source meter. 
Using lens L1 the outgoing thermal light from cavity is collected and steered to the InSb 
detector via the monochromator. The monochromator grating is spatially tuned to record the 
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spectral power distribution at the detector. (b) Measured reflectivity of the cavity as a function 
of laser frequency tuning (ν0 + Δν), where ν0 is the laser center frequency. Scatter dots 
represent the measured data and solid line represents theoretical fit. 
4. Experiment, results and discussion 
Experimental setup 
The experimental setup used for the measurement of thermal emission is shown in Fig. 3(a). 
A broadband gold mirror M1 (R ~0.99, Radius of Curvature = 100 mm), and the membrane 
emitter E, together form the multi-pass Fabry-Perot optical cavity (l ~100 mm). The cavity 
length and radius of curvature of the mirror are chosen such that the cavity stability condition 
is fulfilled [36,37]. Initially, the emitter is kept cold and the cavity is aligned using an external 
cavity tunable diode laser (New Focus Velocity 6328H, λ ~1520-1570 nm). The laser has a 
fine piezo tuning range of 30 GHz, enabling us to characterize the passive cavity when the 
SiC membrane is at room temperature. The membrane acts as the input/output coupler to the 
cavity when aligning to the external laser beam. The input coupling lens L1 (NA = 0.5) allows 
mode-matching of input alignment laser at the input node of the cavity and acts as a collection 
lens when the emitter is hot. Beam splitter BS, mirrors (M2, M3, M4) and lenses (L2, L3) are 
used to route the beam to a liquid nitrogen cooled InSb detector (New Focus 80021) via a 
monochromator. We use CaF2 lenses due to their low absorption in mid-IR optical spectrum. 
The membrane and mirror placed over a three axis translation stage are aligned to obtain 
cavity resonances. During this process the frequency of the alignment laser is simultaneously 
tuned in order to see the cavity resonances as shown in Fig. 3(b). Once the cavity alignment is 
ensured, the external alignment laser source is turned off, the beam-splitter is flipped out and 
the membrane is gradually heated up to a temperature of ~580 K by applying electrical power 
(~80 mW) to the integrated platinum heaters. The temperature is estimated by measuring the 
change in resistance of the integrated heater and using the temperature coefficient of 
resistance for Pt (αPt ~0.0018 Ω K−1). The spectral distribution of emitted thermal light is 
measured by sweeping the monochromator center frequency. The monochromator output slit 
opening is set to an equivalent spectral width of ~13 nm which averages over the discrete 
cavity modes (Δν ~1.5 GHz). The spectral measurements are first taken for the cavity coupled 
emitter and afterwards the cavity is cut off and the hemispherical emission from the bare 
emitter is measured. The measurements are performed by carefully maintaining the optical 
alignments of various experimental components. The parameters (monochromator slit width, 
relative position of collection lens from membrane, etc.) were kept constant between the two 
measurements (bare emitter & cavity-coupled emitter) to achieve an accurate measurement of 
relative change. 
Results and discussions 
We show experimentally enhanced thermal emission over a wide spectral band of 2 – 4.2 μm. 
The enhancement is achieved without changing the temperature of emitter. Figure 5(a) shows 
the schematic of the cavity (lcav ~100 mm, Fcav ~4) formed using a concave back mirror and 
the μC-SiC thin-film membrane emitter as the other mirror. The emitted thermal light is 
collected with a lens and directed through a spectrometer to measure its spectral power 
distribution. We expect up to 2x power due to presence of mirror and any enhancement above 
this is an indication of enhanced thermal emission. Figure 4(a) shows the measured thermal 
emission output from the cavity coupled emitter and bare emitter. One can see that the 
measured spectral power distribution from the cavity-coupled emitter is significantly 
enhanced over the entire 1.7 – 4.2 μm spectral band. The enhancement is over threefold for 
thermal emission in λ ~3  ̶ 3.4 μm spectral window and over twofold for the total integrated 
emission power over the entire spectral band (λ ~1.7 – 4.2 μm). We observe a blue shift 
(ΔλPeak ~280 nm) in the peak emission wavelength of cavity-coupled emitter with respect to 
the bare emitter. This redistribution of power is due to shift in wavelength for which 
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impedance matching between membrane absorption and cavity losses occurs. We ensure a 
constant temperature of ~580 K by continuously monitoring the temperature of the membrane 
during the measurement. Figure 4(b) shows the input electrical power required to heat the 
membrane emitter for cavity coupled and bare emitter cases. The temperature of the 
membrane inside the thermal cavity is observed to be stable with ~2% of the bare emitter 
power requirement at maximum temperature, and the slightly higher temperature for the 
cavity-coupled emitter cannot explain the large enhancement observed in the thermal 
emission in Fig. 4(a). Hence, the increase in thermal emission is unambiguously due to a 
cavity-based enhancement effect. 
 
Fig. 4. Measurement results of thermal output from a cavity-coupled thin-film thermal emitter. 
(a) Recorded spectral power distribution from the cavity coupled thermal emitter and bare 
emitter at the same heating power. The shaded regions around the fitted-solid lines represent 
the standard deviation recorded over repeated measurements, while the scatter points show a 
typical data set. The emission of the cavity coupled emitter is significantly enhanced relative to 
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the emission of a bare emitter. Inset: Ratio of recorded spectral power from the cavity coupled 
emitter and bare emitter showing enhancement. The spectrum shown here is normalized with 
respect to the emission peak of bare emitter. The measurement is performed using a liquid-
nitrogen-cooled InSb detector with a roll-off a t ~4.2 μm. More than threefold enhancement is 
seen at short wavelengths. (b) Measured change in temperature of μC-SiC membrane emitter 
for applied electrical power for cavity coupled emitter and bare emitter. 
We show a change in thermal emission enhancement and redistribution of thermal 
spectrum by introducing additional losses into the cavity using thin BK7-glass microscope 
slides. These glass absorbers (tslide ~180 μm) are inserted at an angle (θslide ~45°) with respect 
to the optical axis of the cavity to reduce the effects of parasitic Fabry-Pèrot cavity. Figure 
5(a) shows the recorded spectral power distribution from the cavity coupled thermal emitter 
with different amount of additional losses. The addition of losses modifies the impedance 
matching conditions between the absorption and roundtrip losses of the bare cavity leading to 
a change in enhancement. Introducing room-temperature losses contribute negligibly to the 
overall emission from the cavity, as the reemission process, according to Kirchhoff’s law, 
occurs at the temperature of the absorbing body under thermal equilibrium. We predict this 
spectral tuning of thermal emission using our computational model where we consider the 
effect of additional cavity loss by lumping it with the back mirror reflectivity (Rmirror) and 
creating an effective back mirror reflectivity (R'mirror). The predicted enhancement and relative 
peak emission wavelength as a function of effective back mirror reflectivity are shown in Fig. 
5(b)-bottom and 5(b)-top, respectively. The vertical guide lines represent the estimated cavity 
losses used in the measurement. These points (ii) and (iii) on the plot correspond to the added 
loss from 2 and 4 glass slides respectively. The losses added to the cavity during the 
measurement are estimated using the optical constants (n, k) of BK7 glass at an incident angle 
of 45  and translated to effective back mirror reflectivity (R'mirror = Rmirror ⋅ (1  ̶ TBK7⋅TBK7)). 
Here, Rmirror is the initial back mirror reflectivity (Rmirror = 0.99) and TBK7 is the transmission 
through the glass-slide. We consider mean transmission through the glass slide over the 
measurement spectrum to estimate the effective back mirror reflectivity. The total power 
enhancement from the cavity without losses (i) and that from bare emitter (iv) is also 
presented. The shift in emission wavelength is shown with respect to the bare emission peak. 
The deviation in peak maxima in Fig. 5(b)-top as compared to the experimental 
measurements is believed to be due to optical alignment variations due to beam divergence 
over a wide spectral band and the wavelength-dependent loss and dispersion of the BK7 
glass. 
Here we have experimentally demonstrated the enhancement of thermal radiation using a 
thin-film emitter coupled to an external cavity. Since it is generally difficult to measure the 
absolute value of emission intensity our measurement results present a relative enhancement 
of thermal radiation. The choice of emitter thickness is made to convincingly show a 
sufficient enhancement of thermal light above bare emitter as predicted from our 
computations. A thicker silicon carbide emitter (t ~2 μm) is predicted to emit nearly equal to 
an ideal blackbody as shown in Fig. 1b., however the relative enhancement over the bare 
emitter is lesser than a factor of 2. 
Our method uses an impedance matched external optical cavity physically detached from 
the thermal element to show enhancement of thermal emission unlike earlier demonstrations 
using integrated cavities. This physical separation or decoupling of the cavity and the heating 
element is a key concept of this work since it provides a route to use this technique for a wide 
variety of materials. The optical cavity need not be as big as the one shown here and the 
entire system can be carefully micro-integrated while still keeping the optics and the heating 
element separate. The approach allows stable performance of optical elements without any 
change in temperature due to conduction of heat [13,20,21], with better thermal response 
times and lower heating powers than the bulkier thermal elements used in previous 
demonstrations. This method can be leveraged to make blackbody type thermal sources from 
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any material irrespective of its intrinsic emissivity, through proper design of the thermal 
cavity. 
 
Fig. 5. Effect of impedance matching conditions on the thermal output of cavity-coupled 
emitter. (a) Recorded spectral power distribution from the cavity coupled thermal emitter with 
different amount of added losses. The addition of excess losses to the cavity modifies the 
impedance matching conditions leading to flat enhancement across the entire band. The 
spectrum shown here is normalized with respect to the bare emitter emission peak. (b) Top - 
Predicted relative shift in maximum emission wavelength with respect to bare emitter peak, 
due to modification of cavity conditions. The vertical guide lines represent the measurement 
with respect to the theoretically predicted data set. Bottom - Predicted thermal enhancement as 
a function of back mirror reflectivity. The reduction of effective back mirror reflectivity can be 
seen as addition of cold-losses to the cavity. 
Appendix 
Ellipsometry measurements for microcrystalline Silicon Carbide 
The microcrystalline silicon carbide films are deposited on a silicon substrate and 
characterized using mid-infrared ellipsometry for three different grazing angles (θgrazing = 20°, 
30°,40°). The complex refractive index of μC-SiC is found to agree with the Drude-Lorentz 
relation described below. 
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where, ε∞ = 3.455, ωT = 971.92 cm−1, ωL = 781.48 cm−1, Γ = 40.80 cm−1, ωD = 2885.61 cm−1, 
ΓD = 16347.82 cm−1. Figure 6 shows the real and imaginary part of the refractive index of SiC 
in mid-IR generated using the Drude-Lorentz model of Eq. (2). Our thin film with thickness t 
~100 nm show an absorptivity of ~10% at the short-wavelength mid-IR (λ ~2-5 μm) range of 
optical spectrum. The weak absorption in mid-infrared for our films is suspected from to the 
crystal boundaries in an otherwise transparent crystalline silicon carbide. 
 
Fig. 6. Real part of refractive index (nr) and imaginary part of refractive index (ki) for SiC in 
mid-IR region of the spectrum, measured using ellipsometry. Complex refractive index is 
given by n = nr + jki 
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